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Summary
Certain fish and amphibians regenerate entire fins and limbs
after amputation, whereas such potential is absent in birds
and limited in mammals to digit tips [1, 2]. Additionally,
regenerative success can change during life stages. Anuran
tadpoles gradually lose the capacity to regenerate limbs
[3, 4], and digit regeneration occurs more effectively in fetal
mice and human children than adults [5–8]. Little is known
about mechanisms that control regenerative capacity.
Here, we identify an unexpected difference between male
and female zebrafish in the regenerative potential of a major
appendage.Males display regenerative defects in amputated
pectoral fins, caused by impaired blastemal proliferation.
This regenerative failure emerges after sexual maturity, is
mimicked in androgen-treated females, and is suppressed
in males by androgen receptor antagonism. Androgen sig-
naling maintains expression of dkk1b and igfbp2a, which
encode secreted inhibitors of Wnt and Igf signaling, respec-
tively. Furthermore, the regulatory target of Wnts and Igfs,
GSK3b, is inefficiently inactivated in male fin regenerates
compared with females. Pharmacological inhibition of
GSK3 in males increases blastemal proliferation and re-
stores regenerative pattern. Our findings identify a natural
sex bias in appendage regenerative capacity and indicate
an underlying regulatory circuit in which androgen locally
restricts key morphogenetic programs after amputation.
Results and Discussion
Pectoral Fin Regeneration in Zebrafish Is Sexually
Dimorphic
To identify possible modifiers of appendage regenerative
capacity, we assessed fin regeneration in 6-month-old adult
zebrafish of several commonly used strains. Zebrafish have
two sets of paired fins, the pectoral and pelvic fins, and three
unpaired fins, the anal, caudal, and dorsal fins (Figure 1A).
Fish of all strains displayed reliable regeneration of amputated
anal, caudal, dorsal, and pelvic fins at 5 days postamputation
(dpa) (see Figure S1A available online). By contrast, approxi-
mately half of the fish from the EK and AB strains, and lower
frequencies of WIK (29%) and Tu¨bingen (14%) fish, displayed
severe anteroposterior (AP) patterning defects in regenerated
pectoral fin tissue. Unexpectedly, onlymales showed impaired
pectoral fin regeneration (Figures S1B–S1D). Regenerative
defects in males of the EK strain, on which we focused our
subsequent experiments, were mainly present in anterior and
anteromedial rays. Although ranging somewhat in severity,*Correspondence: kenneth.poss@duke.edumale regenerates were on average 79% shorter at 5 dpa than
the corresponding female regenerates (Figures 1B and 1C).
By 10 dpa, when all female zebrafish had nearly completed
regeneration, less than 15%ofmaleshad regenerateda fanned
patternwithmultiple bone segments in each fin ray (Figure 1B).
These results indicated that regeneration of pectoral fins is
sexually dimorphic in adult zebrafish.
To test whether regenerative capacity is normal prior to
acquisition of male sexual characteristics, we amputated
pectoral fins of juvenile animals that displayed only subtle
sexual features. We found that all 8-week-old females and
93% of 8-week-old males regenerated fins of normal length
and pattern (Figure 1D; p = 0.25, Fisher-Irwin exact test), indi-
cating that regenerative capacity is present in pectoral fins of
young male zebrafish but then diminishes during maturation.
As in other vertebrates, androgen levels rise asmale teleosts
grow and sexually mature [9]. We postulated that androgen
productionwas responsible for the stage-specific regenerative
defects observed in male pectoral fins. To test this idea, we
treated adult female zebrafish by bath incubation with
the androgen norethindrone acetate (NA; 1 mg/ml) for 4 days
after pectoral fin amputation [10]. Anterior pectoral fin regener-
ates of NA-treated animals were 62% shorter than those of
vehicle-treated fish, whereas posterior regenerates were 43%
shorter (Figures2Aand2B).NA inhibited regenerationof female
pectoral finsmore robustly than caudal fins, which showed just
a 12% reduction in regenerative length (Figure S2A). NA treat-
ment further decreased male pectoral fin regeneration by
56% (Figure S2B). These experiments indicated negative
effects of androgen on pectoral fin regeneration.
To experimentally decrease androgen levels, we removed
the majority of testes tissue from male fish and amputated
both pectoral fins 2 days later. In these experiments, 38% of
animals showed morphologically normal regeneration in both
pectoral fins at 5 dpa (Figure 1E; p < 0.05, Fisher-Irwin exact
test). This result suggested that any structural features of
male pectoral fins acquired during maturation do not preclude
regeneration, and implicated circulating androgens in control
of regeneration. To specifically inhibit androgen signaling
during fin regeneration, we treated male animals with feni-
trothion (FEN), a competitive androgen receptor inhibitor
[11, 12]. Bath treatmentwith FEN (1 mg/ml) increased the length
of regenerating male anterior rays by 52% at 4 dpa compared
to vehicle-treated animals. Bath treatment with other andro-
gen receptor inhibitors, vinclozolin (250 ng/ml) and flutamide
(250 ng/ml) [13], increased male regenerative length by 44%
(p < 0.05) and 38% (p = 0.063), respectively (Figure S2C).
Androgen receptor antagonism did not significantly affect
the lengths of male posterior regenerates or female regener-
ates (Figure 2B; Figure S2D). These findings indicated that
androgen presence inhibits regeneration in male animals and
that regenerative potential can be recovered by impeding
androgen signaling.
Androgen Signaling Regulates Blastemal Proliferation
Appendage regeneration is initiated by formation of a special-
ized epidermis after amputation. This regeneration epidermis
stimulates the creation and maintenance of a blastema, a
Figure 1. Sexually Dimorphic Regeneration of
Zebrafish Pectoral Fins
(A) Adult zebrafish, showing locations of fin
types.
(B) Comparison of female and male pectoral fin
regeneration. Male regenerative defects were
clear at 4 days postamputation (dpa) and re-
mained in most animals through 7 and 10 dpa.
Arrowheads indicate amputation plane.
(C) Male regenerative failures were present in
anterior rays (n = 13, mean 6 standard error of
the mean [SEM]). *p < 0.001 by Student’s t test.
(D) Juvenile fish (2 months old) of either sex profi-
ciently regenerated pectoral fins.
(E) Castration rescued regeneration of both
pectoral fins in 38% of male animals, assessed
at 5 dpa.
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cell-type-restricted progenitor cells [14, 15]. To determine the
cellular basis of sexually dimorphic regeneration, we assessed
blastemal cell proliferation in regenerating anterior pectoral fin
rays ofmaleand female animals. Anterior blastemasof regener-
ating male pectoral fins had 66% fewer cells positive for phos-
phorylated histone H3 (H3P), a marker of mitosis, than the
corresponding female regions at 4 dpa (Figures 2C and 2D).
NA treatment reduced the number of H3P+ cells by 53% and
40%inanterior andposterior blastemas, respectively, of female
fin regenerates (Figures 2C and 2E). Conversely, androgen
receptor blockade increased the number of H3P+ cells in the
anterior blastemas of regenerating male pectoral fins by
112%,withnosignificanteffectsonposteriorblastemalprolifer-
ation (Figures 2C and 2F). These results indicate that androgen
signaling inhibits cell proliferation in the appendage blastema.
Androgen Signaling Regulates Wnt and Igf Signaling
Inhibitors during Pectoral Fin Regeneration
To define molecular differences between male and female
regenerative responses, we performed gene expression mi-
croarrays with adult EK female or male pectoral fins. Examina-
tion of uninjured fins as well as 4 dpa regenerates permittedidentification of genes that are differ-
entially regulated by sex and/or regen-
eration. We identified 700 genes with
significant, sex-specific expression dif-
ferences in the absence of injury. A total
of 4,653 genes displayed differential
expression between uninjured and 4
dpa samples, including 400 of the 700
sexually dimorphic genes (Figure 3A).
This subgroup of sexually dimorphic,
regeneration-responsive genes repre-
sented diverse cellular and molecular
functions. In particular, genes that par-
ticipate in DNA replication were induced
at greater levels upon injury and regen-
eration in female fins compared with
male fins, consistent with the sex-
specific differences in blastemal prolif-
eration that we observed (data not
shown). Thus, uninjured and regenerat-
ing male and female fins exhibit distinct
gene expression profiles.Previous studies of zebrafish caudal fin regeneration identi-
fied many locally secreted factors that influence blastemal
proliferation, including Fgfs, Wnts, retinoic acid, Bmps,
Activin-bA, Shh, and Igf2 [16–23]. We examined the microarray
data set to detect sex-specific differences in regulation of
these upstream factors and identified male-specific expres-
sion of dkk1b and igfbp2a, which encode secreted inhibitors
of Wnt and Igf signaling, respectively. In previous studies,
ectopic expression of dkk1 decreased blastemal proliferation
and blocked fin or limb regeneration [17, 19], as did pharmaco-
logical inhibition of Igf signaling [16]. Quantitative PCR using
uninjured pectoral fin anterior tissue revealed that male
dkk1b and igfbp2a expression levels were 48- and 4.6-fold
higher than those of females (Figure S3A). Expression of these
inhibitors decreased in males after amputation but remained
8.2- and 7.2-fold higher, respectively, than those of regenerat-
ing female fins (Figure 3B). These inhibitors were present at
low or undetectable levels in the posterior rays of male
pectoral fins and were similarly diminished in male caudal
fins (Figure S3B). To assess whether androgen signaling influ-
ences dkk1b and igfbp2a during regeneration, we treated
females with NA and males with FEN for 4 days after fin ampu-
tation. Anterior fin regenerates from NA-treated females had
Figure 2. Androgen Signaling Inhibits Blastemal Proliferation
(A) Top: 4 days of androgen treatment (1 mg/ml NA) after amputation inhibited pectoral fin regeneration in females. Bottom: androgen receptor antagonist
treatment (1 mg/ml FEN) for 4 days after amputation improved male fin regeneration. Anterior regions are shown. Arrowheads indicate amputation plane.
(B) Quantification of effects of NA on female fin regeneration (left) (n = 10; *p < 0.001 by Student’s t test) and FEN on male fin regeneration (right) (n = 10;
*p < 0.005 by Student’s t test).
(C) Top: blastemal proliferation in anterior portions of male and female 4 dpa pectoral fin regenerates, assessed by phosphorylated histone H3 (H3P)
staining. Images are confocal projections of the medial 10 mm of mesenchyme; the anti-H3P antibody also nonspecifically stains the fin epidermis. Middle:
blastemal proliferation in females treated with vehicle or NA. Bottom: blastemal proliferation in males treated with vehicle or FEN. Anterior regions are
shown.
(D) Quantification of blastemal proliferation in females and males (n = 12). *p < 0.001 by Student’s t test.
(E) Quantification of effects of NA on female blastemal proliferation (n = 10). *p < 0.001 by Student’s t test.
(F) Quantification of effects of FEN on male blastemal proliferation (n = 10). *p < 0.001 by Student’s t test.
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1914dkk1b and igfbp2a levels that were 2.5- and 21-fold higher,
respectively, than those from vehicle-treated animals (Fig-
ure 3C). The particularly high expression of these inhibitory
factors after NA treatment might explain its effects on regener-
ation across the AP axis of female pectoral fins (Figures 2B and
2E). NA treatment did not significantly induce dkk1b and
igfbp2a expression in female caudal fins (Figure S3C). FEN
treatment of males reduced dkk1b and igfbp2a expression in
anterior pectoral fin regenerates by 47% and 57%, respec-
tively (Figure 3C). Thus, secreted inhibitors of key pathways
required for blastemal proliferation are positively regulated in
male pectoral fins by androgen signaling.
GSK3 Activity Is a Regulatory Target of Androgen
Signaling during Regeneration
A common mode of Wnt and Igf signaling activity is inhibition
of GSK3b, a multifunctional kinase that, among otherregulatory roles, targets b-catenin, cyclin D, and other protein
substrates for degradation [24–28]. A recent study indicated
that Wnts inhibit GSK3b through its sequestration in endo-
somes [29], while Igfs have been shown to inactivate GSK3b
through phosphorylation of serine 9 [30, 31]. At 4 dpa, we
found that amounts of inactive P-GSK3b were present at
2.7-fold higher levels in female anterior pectoral fin regener-
ates than in males (Figures 3D and 3E). Treatment of males
with FEN was able to increase by 1.7-fold the amount of
P-GSK3b in the regenerate (Figures 3D and 3E). These exper-
iments indicated that GSK3b activity is a regulatory target of
androgen signaling during fin regeneration, likely via control
of dkk1b and igfbp2a expression.
To determine the significance of GKS3b activity on sexually
dimorphic regenerative capacity, we treated male zebrafish
with the GSK3 inhibitor (20Z, 30E)-6-bromoindirubin-30-oxime
(BIO), a manipulation expected to be epistatic to influences
Figure 3. Sexually Dimorphic Gene Expression and
GSK3b Regulation in Regenerating Fins
(A) Venn diagram displaying numbers of genes influ-
enced by sex or regeneration (4 dpa) and their overlaps.
(B) Increased expression of dkk1b and igfbp2a in the
anterior regions of regenerating male pectoral fins
compared with females (n = 3, mean 6 SEM). *p < 0.05
by Student’s t test, normalized to b-actin1. AU indicates
arbitrary units.
(C) NA treatment of females increased dkk1b and igfbp2a
levels during anterior pectoral fin regeneration, whereas
FEN treatment of males reduced their expression (n = 3,
mean6 SEM). *p < 0.05 by Student’s t test, normalized to
b-actin1.
(D) Uninjured male and female zebrafish pectoral fins
have similar levels of inactive P-GSK3b. Values are
normalized to the male P-GSK3b level (n = 3, mean 6
SEM).
(E) Upon injury and regeneration, females increase
P-GSK3b levels. Male P-GSK3b levels appear stable
during regeneration but can be enhanced by androgen
receptor antagonism. Values are normalized to the
vehicle-treated male P-GSK3b level (n = 4, mean 6
SEM). *p < 0.05 by Student’s t test.
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BIO by bath incubation following amputation and assessed
for blastemal proliferation at 4 dpa. This treatment increased
blastemal mitoses by 56% in male regenerates (Figures 4A
and 4B). BIO treatment had no significant effect on female
blastemal proliferation, suggesting that its proliferative effect
in males is specific to normal functions of GSK3b signaling
during regeneration (Figure 4B). We also examined regener-
ates from male animals that had undergone 4 days of BIO
treatment after amputation, plus an additional 3 days in the
absence of BIO. GSK3 inhibitor treatment markedly improved
regeneration, frequently restoring normal or near-normal fin
pattern and increasing regenerate length by 47% compared
to vehicle-treated animals (Figures 4C and 4D). This extent of
regenerative recovery was similar to the effects of the same
treatment regimen with FEN instead of BIO (Figures 4C and
4D). Thus, transient pharmacological inhibition of GSK3 sig-
naling in zebrafish is sufficient to derepress the regenerative
responses of male pectoral fins.
Together, our findings support amodel in which the sex- and
age-specific systemic factor androgen influences the regener-
ative potential of appendage tissue through modulation of its
GSK3b activity. Locally, amputation and wound healing triggersynthesis of Igf2, Wnts, and possibly other
ligands that contribute to inactivating the
GSK3b pool and enabling blastemal prolifera-
tion. Androgen counters these effects in male
pectoral fins through the maintenance of
ligand antagonists, repressing GSK3b inacti-
vation mechanisms and blunting regenerative
capacity. Notably, androgen signaling has
been implicated in multiple contexts of tissue
homeostasis and regeneration. These include
positive effects on neuron survival and
bone density [33, 34] and negative effects on
wound healing and hair follicle maintenance
[35, 36]; androgens impact antler regeneration
in red deer in both positive and negative fash-
ions [37, 38]. Thus, it will be important todetermine the range of functions performed by androgen/
GSK3 interactions in fins and other tissues, and what may be
the physiological consequences of sexually dimorphic re-
generation. Interestingly, we have observed that atrophied
pectoral fins are much more common in aging male zebrafish
than in females (Figure S4). Homeostatic maintenance of
zebrafish fin structures has been shown to rely on factors
important for amputation-induced regeneration [39]; therefore,
this sex-biased phenotype might be caused by reduced
regenerative capacity.
We found that androgen-regulated gene expression and
diminished regenerative capacity were mainly localized to
anterior pectoral fin structures of male zebrafish. Although
androgen receptor expression was slightly higher in anterior
pectoral fin regions than in posterior regions, it was expressed
at similar levels in all fin types (Figure S3D). Thus, we suspect
that differential expression and/or activity of androgen
receptor cofactors or downstream regulatory targets underlie
tissue-specific effects within fins and fin regions. Such differ-
ential expression or activity may be related to positional
memory, a poorly understood mechanism by which cellular
positional identities are maintained, restoring appendage
size and pattern after amputation.
Figure 4. GSK3 Inhibition Rescues Fin Regenera-
tion
(A) Blastemal proliferation in anterior portions of
4 dpa pectoral fin regenerates from vehicle- and
BIO-treated males, assessed by H3P staining.
Arrowheads indicate amputation plane.
(B) Treatment with 100 nM BIO for 4 days after
amputation increased male anterior blastemal
proliferation by 56%. Female blastemal prolifera-
tion was not affected by BIO (n = 26–30 males,
n = 12 females). *p < 0.001 by Student’s t test.
(C and D) Four days of BIO or FEN treatment after
amputation, followed by 3 days without treat-
ment, increasedmale anterior regenerate lengths
by 47%and 48%, respectively, over vehicle alone
(n = 22–24BIO, n = 8 FEN). *p < 0.001 by Student’s
t test.
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1916In addition to appendages, stage- or age-dependent losses
in regenerative potential have been described for mammalian
tissues like the heart, blood, and pancreas [40–42]. Murine
skeletal muscle regeneration, which is also less effective in
old animals versus young, can be modulated by one or more
unidentified circulating factors whose presence changes
with age [43]. An implicated target of this factor is Wnt sig-
naling, which increases with age inmyogenic cells and is asso-
ciated with conversion to a fibrogenic lineage and inhibition of
regeneration [44]. In the current study, we found that pharma-
cological blockade of activities of either circulating androgen
or a target within appendage tissue, GSK3, considerably in-
creased the regenerative capacity of amputated zebrafish
fins. Approaches to retain or increase the regenerative ca-
pacity of injured human tissues remain challenging, but these
studies suggest that elucidating and modulating interactions
between systemic factors and local regenerative programs
will aid this important goal.
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